Harrison DK, Fasching M, Fontana-Ayoub M, Gnaiger E. Cytochrome redox states and respiratory control in mouse and beef heart mitochondria at steady-state levels of hypoxia. J Appl Physiol 119: 1210 -1218 , 2015 . First published August 6, 2015 doi:10.1152/japplphysiol.00146.2015.-Mitochondrial control of cellular redox states is a fundamental component of cell signaling in the coordination of core energy metabolism and homeostasis during normoxia and hypoxia. We investigated the relationship between cytochrome redox states and mitochondrial oxygen consumption at steady-state levels of hypoxia in mitochondria isolated from beef and mouse heart (BHImt, MHImt), comparing two species with different cardiac dynamics and local oxygen demands. A low-noise, rapid spectrophotometric system using visible light for the measurement of cytochrome redox states was combined with high-resolution respirometry. Monophasic hyperbolic relationships were observed between oxygen consumption, J O2, and oxygen partial pressure, PO2, within the range Ͻ1.1 kPa (8.3 mmHg; 13 M). P 50j (PO2 at 0.5·Jmax) was 0.015 Ϯ 0.0004 and 0.021 Ϯ 0.003 kPa (0.11 and 0.16 mmHg) for BHImt and MHImt, respectively. Maximum oxygen consumption, J max, was measured at saturating ADP levels (OXPHOS capacity) with Complex I-linked substrate supply. Redox states of cytochromes aa 3 and c were biphasic hyperbolic functions of PO2. The relationship between cytochrome oxidation state and oxygen consumption revealed a separation of distinct phases from mild to severe and deep hypoxia. When cytochrome c oxidation increased from fully reduced to 45% oxidized at 0.1 J max, PO2 was as low as 0.002 kPa (0.02 M), and trace amounts of oxygen are sufficient to partially oxidize the cytochromes. At higher PO 2 under severe hypoxia, respiration increases steeply, whereas redox changes are small. Under mild hypoxia, the steep slope of oxidation of cytochrome c when flux remains more stable represents a cushioning mechanism that helps to maintain respiration high at the onset of hypoxia.
UNDER PHYSIOLOGICAL CONDITIONS, the regulatory mechanisms of blood flow distribution at global (between organs), regional (within organs), and microregional (cellular) levels play coordinated roles in ensuring adequate O 2 supply to all tissues and cells. How this is achieved may be organ-/organ layer-specific, depending on its function and priorities to match local O 2 delivery to consumption (18) . There are two aspects to this regulation, however: supply (blood flow) and demand (oxygen consumption). This has been demonstrated, for example, in the sartorius muscle in anesthetized dogs (17) in which no more than 5% of tissue PO 2 values were found to be Ͻ5 mmHg (0.67 kPa), even during hypoxemia (arterial PO 2 ϭ 31 mmHg, 4.1 kPa; mean tissue PO 2 ϭ 16 mmHg, 2.1 kPa). Under these hypoxic conditions, not only did a global and local redistribution of blood flow occur, but also a 35% reduction in oxygen consumption was observed in the muscle, whereby only 1% of tissue PO 2 values lay Ͻ2.5 mmHg (0.33 kPa). This PO 2 is well above the P 50 of oxygen consumption in skeletal muscle isolated mitochondria (33) and would imply that a downregulation of oxygen uptake rate, activated well above the critical PO 2 for mitochondrial oxygen kinetics, can occur as a protective mechanism against intracellular hypoxia. Such a mechanism requires oxygen sensing and coordinated metabolic control, in which the cytochrome redox state may play a critical role (5) .
The cytochromes were first referred to as "respiratory pigments" in Keilin's 1925 paper (21) describing their role in respiratory electron transfer (35) . He originally referred to cytochromes a, b, and c, but later it became clear that cytochrome a consists of two components: cytochromes a and a 3 in cytochrome c oxidase (Complex IV, CIV). It is difficult to distinguish between the absorbance spectra of cytochromes a and a 3 , so they will be referred to throughout as cytochrome aa 3 . Cytochrome b forms part of Complex III, and transfers electrons to CIV (aa 3 ) through cytochrome c in the sequence of redox systems in the electron transfer system. The cytochromes are heme proteins and therefore have characteristic absorbance properties that also depend upon their redox states. This makes them particularly suitable for investigation using optical techniques.
Optical techniques have been widely used to study the redox state of cytochromes in vitro, particularly by Chance and co-workers (4, 29) and Wilson (39) in isolated mitochondria and intact cells (3) . These studies were carried out at 25°C. More recently, spectrophotometry has been applied to measure redox changes during the transition from normoxia to hypoxia in closed respirometric chambers in intact cells [human leukocytes (19) ] and pulmonary artery and aortic smooth muscle cells (36) . The latter studies are of particular relevance to that described in this paper because the measurements were carried out under similar (but not identical) optical conditions and wavelengths, but at a temperature of 37°C.
This study describes a low-noise, rapid spectrophotometric system using visible light for the measurement of cytochrome redox state combined with high-resolution respirometry, without the necessity for optical components being inserted into the sample chamber. The system was applied in a study of beef and mouse heart isolated mitochondria (BHImt and MHImt, respectively) to determine the direct relationship between mitochondrial oxygen consumption and cytochrome reduction by decreasing the mitochondrial oxygen consumption to preselected steady-state levels of hypoxia.
MATERIALS AND METHODS
Spectrophotometry. In the systems used by Hollis et al. (19) and Sommer et al. (36) both the transmitting and receiving lightguide fibers are inserted into the respirometer chamber, and the absorbance signals are obtained via backward scattering (19) and indirect forward scattering (36) . A different approach was adopted for the current study by mounting a white light-emitting diode (LED) (NSPW300DS c0 v/w; Nichia, Tokoshima, Japan) behind a cylindrical Duran glass chamber (2 ml volume, 4 mm wall thickness) opposite the observation window of a modified OROBOROS Oxygraph-2k. A 1-mm-diameter silica/silica-receiving fiber, optimized for the visible and ultraviolet wavelength ranges with a numerical aperture of 0.22, was inserted into the observation port. The fiber was held in contact with the outside of the chamber using a specially designed holder that could be removed and replaced if observation of the chamber was required. The optical path length through the sample (without scattering) was 16 mm. The light intensity of the LED was controlled by DatLab software (OROBOROS Instruments, Innsbruck, Austria) and had a useable wavelength range of from 440 to 605 nm ( Figs. 1 and 2 ).
An Ocean Optics (Dunedin, FL) USB 2000 Plus spectrophotometer (1,000 ‫ء‬ 50 m slit) was used in conjunction with dedicated software (Spectrasuite). The integration time for each absorbance spectrum ranged from 1 to 3 ms depending on the concentration of the mitochondria in the chamber. A single averaged spectrum was recorded over 1 s, and therefore comprised 333 to 1,000 individual absorbance spectra. At each experimental stage, five such averaged spectra were recorded for analysis providing a high signal-to-noise ratio of 200 for a fully reduced spectrum. The noise was calculated as the standard deviation of the absorbance of a fully oxidized spectrum measured at a PO 2 of 8.7 kPa (100 M O2) and the signal was taken as the difference between the absorbance maximum at 444 nm and the minimum at 465 nm of the measured spectrum.
Spectra were analyzed using a least squares fitting algorithm (36) (TechPlot; SFTek, Braunschweig, Germany) to fit the difference (reduced Ϫ maximally oxidized) spectra with reference difference spectra obtained from the literature (Fig. 1) . A further linear wavelength-dependent variable and an offset constant were also included in the least squares fitting equation. The difference spectrum for cytochrome aa 3 was obtained from information published by Liao and Palmer (25) and cytochrome c from Cooper and Springett (9) but verified by using bovine heart cytochrome c (Sigma-Aldrich, St. Louis, MO) measured under experimental conditions and using anoxia without dithionite as described here (Fig. 2) . The cytochrome b spectrum was obtained from Chance's original paper (2) and scaled according to information described by Hollis et al. (19) . This was necessary because although Chance's measurements covered the complete range of 440 to 605 nm, the data were given only as changes in optical density. As Chance (2) also pointed out, there are two forms of cytochrome b, one having a higher redox potential heme than the other. The higher potential form has an absorbance maximum in the difference spectrum at 562 nm and the lower potential form has a peak at 566 nm. The two forms are referred to respectively, but variously, in the literature as b K and bT (32) , bH and bL (17, 31) , and b-562 and b-566 (37) . The reference spectrum in Fig. 1 is that of the higher potential heme cytochrome b for anoxia in the absence of dithionite as the redox state of the lower midpoint potential heme is assumed to remain unchanged under hypoxic conditions (37) . Thus cytochrome b, as referred to in the present paper, is the b K, bH, b-562 form.
In the present study, relative concentrations of reduced cytochromes were obtained from the least squares fit coefficients for the individual cytochrome difference spectra relative to the reference difference spectra. Whereas the use of reference spectra represents specific absorbance in optical density (mM/cm), the optical path length is unknown due to the effect of scattering by the mitochondria. The levels of oxidation of the cytochromes are therefore expressed as the average fractional changes relative to the apparent anoxic concentration (cyt red) recorded before and after each intermediate titration (see Experimental procedure and RESULTS).
A method has been developed to combine cytochrome spectrophotometry with high-resolution respirometry. This differs from other methods (19, 36, 39) in that it is not necessary to introduce an optical probe into the chamber to carry out the measurements, nor does it rely on back-scattered light to obtain a signal. The receiving optical fiber is simply placed at the window opposite an LED light source, also mounted outside the chamber. This arrangement is able to provide an excellent signal-to-noise ratio of 200 for a fully reduced spectrum and 20 for a 0.1 reduced spectrum at the concentrations of mitochondria used in the experiments. Indeed, the robustness of the least squares fit analysis still allows resolution of coefficients down to as low as a 0.02 reduction (0.98 oxidation) of the cytochromes. The use of a constant and a linear dependence of absorbance upon wavelength within the least squares fit parameters enables the minimization of errors due to possible changes in light source intensity or changes in scattering during anoxia, although Hollis et al. (19) reported the latter to be negligible.
High-resolution respirometry. Mitochondrial respiration was determined by high-resolution respirometry using an Oxygraph-2k (O2k; OROBOROS Instruments). This system allows accurate analysis of the O 2 kinetics of cellular respiration and is described in detail elsewhere (10, 16, 33) . Automatic corrections of oxygen flux for instrumental background was based on standardized instrumental quality control tests (16) .
Steady-state oxygen control. An important feature of the modular O2k system is the Titration-Injection microPump (TIP2k) used for maintenance of steady-state oxygenation of the mitochondrial respiration medium. A 500-l Hamilton syringe is mounted on the TIP2k with a 27-mm-length needle (inner diameter 0.09 mm) inserted into the chamber via the injection port of the stopper. It can be used in two modes controlled by the DatLab software: 1) direct control permits single or serial titration of the required volumes or the maintenance of a constant injection flow over a fixed period of time; or 2) feedback control allows the titration of programmed volumes of solution to maintain the chamber oxygen concentration between two preset limits. In the current experiments, the TIP2k was used in the direct control mode to maintain a specific, reduced fraction of oxygen flux at a constant oxygen concentration, thus achieving steady-state hypoxia. Titration of a solution of hydrogen peroxide (ϳ200 mM in H 2O, with auto-oxidation minimized by acid pH) into the chamber enables reoxygenation by instantaneous and complete dismutation of H2O2 to oxygen and water in the presence of excess catalase activity (280 IU/ml in MiR06). The concentration of the H2O2 stock solution was calibrated in terms of oxygen equivalents by injecting a known volume into the chamber with the TIP2k and recording the resultant instantaneous increase in cO2. Using this calibration, the rate of continuous injection was calculated to achieve a targeted oxygen delivery from the catalase reaction. At a steady state of constant cO2, oxygen delivery is equal to oxygen consumption, J (10, 15) .
Beef and mouse heart isolated mitochondria. Hearts were obtained from slaughterhouse cows (n ϭ 4) and euthanized C57 BL/6 (male 11-13 wk old) mice (n ϭ 3). Permission to harvest tissues from killed animals is not a requirement of the Austrian legislation regarding the use of animals for scientific purposes. Mitochondria were isolated according to the methods described by Mela and Seitz (27) (with the variation that instead of 1 mM EDTA, 1 mM EGTA was used), suspended in mitochondrial respiration medium MiR06 (30) and stored on ice for less than 4 h. On two occasions, sufficient mitochondria were harvested to allow a second experiment to be carried out in series. Experiments were carried out at a temperature of 25°C for comparison with previous studies on isolated mitochondria (4, 29, 39) . The experimental temperature of 25°C rather than the physiological 37°C reduced oxygen fluxes at the high mitochondrial densities that were used to obtain a satisfactory signal-to-noise ratio for the optical absorbance. The mean (ϮSD) volume-specific oxygen flux was 715 Ϯ 99 and 641 Ϯ 172 pmol·s Ϫ1 ·ml Ϫ1 for MHImt and BHImt, respectively. These values up to 850 pmol·s Ϫ1 ·ml Ϫ1 were higher than the recommended maximum 500 pmol·s Ϫ1 ·ml Ϫ1 for dynamic aerobicanaerobic transitions (13, 33) , which is one of the arguments for using steady-state measurements in our experiments. In four runs with BHImt, respiration with Complex I-linked substrates (see below) was recorded before and after addition of ADP (states of LEAK respiration and OXPHOS capacity, JL and JP, respectively), with a respiratory acceptor control ratio (JP/JL) of 9.2 Ϯ 3.1 SD, and OXPHOS coupling efficiency (JP Ϫ JL)/JP of 0.88 Ϯ 0.03 SD (12) . The corresponding coupling efficiency in two experiments with MHImt was lower (0.55 Ϯ 0.06).
Experimental procedure. The oxygen sensor was calibrated in MiR06 at equilibrium with air. The oxygen solubility in MiR06 at 25°C was calculated to be 11.56 M/kPa by extrapolating the oxygen solubility factor relative to pure water of 0.92 from measurements at 30°C and 37°C to 25°C (30) . Following injection of the mitochondria into the chamber, substrates were added to achieve the active state of OXPHOS capacity: 5 mM pyruvate, 1 mM malate, 10 mM glutamate, and 5 mM ADP with 3 mM free Mg 2ϩ . After reaching a stable oxygen consumption at kinetically saturating oxygen concentration (cO2 in the range of 200 to 100 M) and saturating ADP (OXPHOS capacity, JP) absorbance spectra were recorded together with oxygen consumption. Mitochondrial respiration depleted the oxygen concentration in the closed chamber, and the mitochondria were allowed to remain anoxic for 2 min to obtain initial fully reduced absorbance spectra and a zero calibration of the oxygen sensor. The TIP2k was then used to maintain a target oxygen-limited J O2 for 2 min during which time the steadystate cO2 value and absorbance spectra were recorded. The injection was then terminated, allowing the system to reach an anoxic state for 2 min for recording bracketing zero oxygen calibrations and anoxic absorbance spectra. Sufficient H 2O2 solution was titrated to return the mitochondria to normoxia. In some experiments, a second or third successive steady-state cycle was carried out before reoxygenation (Fig. 3) . The ratio J/J P was chosen in random sequence within the range 0.1 to 0.9 to avoid any systematic effects.
This procedure was repeated for as long as the mitochondria recovered to stable postanoxic oxygen consumption levels that were not less than 0.9 of the initial J P. This loss of mitochondrial respiratory capacity was observed independent of H2O2 injections and was therefore not related to any oxidative stress induced by such injections. Oxidative stress is not observed in the presence of excess catalase activity even in cases when H 2O2 injections are more frequently applied (23) and with higher step changes in oxygen concentration [e.g., Fig. 8 in ref. (30)].
For expressing respiration as a fraction of J max calculated from the hyperbolic fit, j ϭ J/Jmax, JO2 was corrected for any change in JP between the initial and postanoxic values (Fig. 3) . In one experiment, carried out to obtain values for j Ͼ0.9, absorbance spectra were recorded sequentially in synchronization with declining c O2 values without H2O2 injections. These were therefore not steady state, but dynamic measurements during the phase when J is quite insensitive to relatively large changes in c O2. Figure 2 shows the least squares fit of a measured anoxic spectrum with the reference spectrum and, on the same absorbance scale, a spectrum in which cytochrome c is reduced only by 0.027. The inset shows the same spectrum at an expanded absorbance scale. It shows that even at very low levels of reduction (0.022 and 0.007 for cytochromes b and aa 3 , respec- tively), the spectrum can still be fitted with a high value for the square of the correlation coefficient (r 2 ϭ 0.91). The wavelength-dependent features of the cytochrome absorbance difference spectra obtained from BHImt and MHImt were identical. Figure 3 shows an example of a sequence of transitions from high c O2 to anoxia, steady-state injection at j ϭ 0.1 at 9 min, anoxia, a second steady-state injection at j ϭ 0.2 at 13 min, titration to high c O2 at 17 min, followed by anoxia. Typically, titration of 3 l of H 2 O 2 stock solution returned the medium from anoxia to a c O2 of ϳ150 M. The total volumes added during the steady-state injections were 0.48 and 0.84 l. Figure 4 shows examples of spectra from both mouse and beef heart mitochondria obtained at six values for j including anoxia. Figure 5A shows steady-state oxygen flux, j, as a function of PO 2 within the range up to 1.1 kPa (16) . A hyperbolic function was fitted to the data using the saturation equation as follows: J ϭ J max ·PO 2 /(P 50j ϩ PO 2 ).
RESULTS
Normalized flux is j ϭ J/J max , and P 50j is the PO 2 at j ϭ 0.5 (Fig. 5A) . The P 50j values are shown in Table 1 , which also shows significance levels of the differences between the BHImt and MHImt. The J max as extrapolated from the range Ͻ1.1 kPa to saturating oxygen levels corresponded very closely to J P measured in the high oxygen range (Fig. 3) , with J max /J P ratios of 0.985 Ϯ 0.005 and 1.046 Ϯ 0.047 for BHImt and MHImt, respectively.
Anoxic phases during each experiment were used for internal zero oxygen calibration. The data from Fig. 5A were used to correct the initial zero oxygen calibration using Equation 4 in Ref. (16) . These corrections were calculated for the beef and mouse heart experiments using the mean J max (641 Ϯ 172 pmol·s Ϫ1 ·ml Ϫ1 and 715 Ϯ 99 pmol·s Ϫ1 ·ml Ϫ1 ) and P 50j (0.0144 kPa and 0.0207 kPa), respectively, obtained in the first iteration, based on the highest oxygen back-diffusion of Ϫ3 pmol·s Ϫ1 ·ml Ϫ1 extrapolated to zero oxygen levels. The resultant mean additive PO 2 corrections of 0.00007 kPa and 0.00009 kPa for the beef and mouse experiments, respectively, were applied as a correction for internal zero oxygen calibration Fig. 4 . Cytochrome reduction spectra for normalized oxygen flux, j, in the range of 0.96 to 0.0. The spectrum for j ϭ 0.96 is that also shown expanded in the inset of Fig. 2. PO2 [kPa] at the measurement of each spectrum is indicated above the 444-nm peak. The spectra for j ϭ 0.96, 0.4, 0.2, and 0.0 were recorded from BHImt and those for j ϭ 0.9 and 0.75 were recorded from mitochondria isolated from mouse heart (MHImt). Table 1 . The P50cyt value given for each cytochrome curve is the PO2 at fitted Ox ϭ 0.5.
(16), although they were below the limit of detection, because addition of the reducing agent sodium dithionite to anoxic mitochondria did not significantly reduce the oxygen signal. The postcorrection P 50j values in Table 1 (0.0146 kPa and 0.0209 kPa) differ only minimally from the first-iteration P 50j values given above.
Fitting of the oxidized cytochrome fractions vs. PO 2 using a single component Michaelis-Menten equation did not achieve a satisfactory result (see Appendix). Figure 5 , B and C, show the data together with curves fitted using a two component hyperbolic function: where Ox max (1) and Ox max (2) are the fully oxidized values of the two fitted parameters, and P 50(1)cyt and P 50(2)cyt are the PO 2 values at 50% oxidation of the two components for each cytochrome, where the subscript cyt represents either aa 3 , b, or c. The fitting of the cytochrome oxidation curves was carried out for an extended PO 2 range up to 2.6 kPa (30 M), at which all cytochromes were fully oxidized.
Comparison of Figure 5 , B and D, with Fig. A1 , A and C (cytochromes aa 3 and c), show much better fits of the biphasic (r 2 Ն 0.99) vs. the monophasic model with close agreement at Ox max only in the biphasic model. The differences between P 50(1)cyt and P 50(2)cyt and Ox max (1) and Ox max (2) within BHImt and MHImt were significant (P Ͻ 0.05). The kinetic parameters are summarized in Table 1 together with the significance levels of difference between BHImt and MHImt. Differences between beef and mouse were not significant for P 50(2)cyt and Ox max(1) for cytochrome aa 3 . All other differences were significant (P Ͻ 0.02). Figure 6 shows the redox states of the three cytochromes for BHImt and MHImt as a function of the relative O 2 flux, which was the independent, set variable in these experiments. The biphasic relationship between cytochrome oxidation and PO 2 demonstrated in Fig. 5 was used to model the relationships between cytochrome oxidation and j. The curves in Fig. 6 show cytochrome oxidation values calculated using the kinetic parameters from Table 1 compared with the measured data. In one curve (dotted black lines) cytochrome oxidation was plotted against measured j. In the other (solid gray lines), cytochrome oxidation was plotted against j derived from the fitted curve (Fig. 5A ) using P 50j given in Table 1 . In all cases, the correlations between the calculated and measured values had r 2 Ն 0.98.
DISCUSSION
Reduction of cytochromes at PO 2 values at which oxygen consumption is still maximal has been reported. Hollis et al. (19) detected the earliest reduction of cytochromes in intact cells at about 50 M (4.3 kPa), whereas Wilson et al. (38) recently reported reduction of cytochrome c in isolated mitochondria at a PO 2 Ͼ10 mmHg (1.3 kPa). In the present study of isolated mitochondria, we detected no significant reduction in any of the cytochromes between 8.7 kPa (100 M) and our reference PO 2 of 2.6 kPa (30 M; Fig. 5A ) during the dynamic experiments of continuously declining oxygen levels.
The mitochondria were in a state of ADP-stimulated oxidative phosphorylation, OXPHOS (12) , supported by saturating Complex I-linked substrates. The limiting substrate variable is, therefore, oxygen. Oxygen consumption was a monophasic hyperbolic function of PO 2 for both isolated BHImt and MHImt with a P 50j of 0.015 Ϯ 0.0001 kPa and 0.021 Ϯ 0.003 kPa, respectively. The apparent overall P 50cyt for cytochromes aa 3 and c was 5 and 8 times higher, respectively, in MHImt compared with BHImt (see Appendix). This corresponded to the 1.4 times higher P 50j for respiration in mouse than beef heart Imt. Interestingly, the difference in mitochondrial oxygen kinetics between these mammalian species of dramatically different body size and heart rate can be compared with a 1.8-fold higher P 50Hb for hemoglobin (Hb) oxygen saturation in the mouse compared with the cow (34) . If the increase of Hb oxygen affinity with body mass (34) is related to differences in intracellular oxygenation and mitochondrial oxygen kinetics, then the apparent excess capacity of cytochrome c oxidase over the capacity of electron transfer pathway flux should be a function of body size, because P 50j decreases with increasing apparent excess capacity of cytochrome c oxidase (14, 24) .
The P 50j values, measured in BHImt and MHImt at 25°C, are comparable to those reported for mitochondria investigated during aerobic-anoxic transitions (10); see review by Scandurra and Gnaiger (33) . In isolated rat heart mitochondria and mitochondria isolated from human skeletal muscle, the P 50j is (2) on average 0.035 kPa (13) and 0.039 kPa (24) , respectively, compared with 0.057 kPa in isolated rat liver mitochondria (13) , all measured in the ADP-activated OXPHOS state. In the passive LEAK state, turnover of cytochrome c oxidase is reduced and P 50j declines correspondingly to 0.016 and 0.020 kPa in rat heart and liver mitochondria (13). Chance (1) noted that P 50j may be as large as 0.5 M (0.043 kPa) and may fall to 0.05 M (0.0043 kPa) or less in resting, controlled, or inhibited states of isolated mitochondria. Our values are much lower than those reported, for example, by Wilson et al. (38) in isolated rat liver mitochondria and by Hollis et al. (19) in intact Jurkat cells. The concentrations of mitochondria or volumespecific fluxes were above the limit when erroneously high P 50j values are observed in closed systems during aerobic-anoxic transitions (33) . In our experiments, oxygen consumption was maintained at each level by steady-state injection of H 2 O 2 and complete conversion to O 2 and water by catalase, and it can be expected that the oxygen concentration was completely homogeneous under these conditions. In experiments reported by Wilson et al. (38) and Hollis et al. (19) the parameters were measured dynamically and it is likely that aerobic-anoxic transitions were too rapid for resolution of the proper relationship between oxygen flux and PO 2 (33). Wittenberg and Wittenberg (40) report resting P 50aa3 and P 50c values of 0.07 and 0.22 mmHg (0.01 and 0.03 kPa) for rat cardiac myocytes measured in the presence of myoglobin. They also quote values of 0.07 to 0.10 mmHg (0.01 to 0.013 kPa) and 0.03 to 0.18 mmHg (0.004 to 0.023 kPa), respectively, for P 50aa3 and P 50c in isolated pigeon heart mitochondria (29). Kennedy and Jones (22) measured P 50cyt in both isolated rat heart mitochondria (RHImt) and isolated rat heart cells at 30 -32°C. They found values of 0.03 kPa (aa 3 ), 0.06 kPa (b), and 0.06 (c) in RHImt, but in intact cells they were higher by factors of 15 (aa 3 ) and 9 (b and c). Hollis et al. (19) found values of 0.40, 0.11, and 0.22 kPa for P 50aa3 , P 50b , and P 50c , respectively, in intact Jurkat cells. Because these results were obtained assuming single-component Michaelis-Menten kinetics, they should be compared with the values shown in the Appendix (see Fig. 10 ). The differences up to factors Ͼ100 cannot be explained by the differences between isolated and intracellular mitochondria, even in the light of the results reported by Kennedy and Jones (22) quoted above. Nor can it (Table 1) vs. set j; solid gray lines, fitted Ox vs. fitted j (Fig. 5A) .
be attributed to the difference in temperature between 25°and 37°C, indeed lower P 50 values would be expected at the higher temperature. The Wittenberg results were obtained at steady state, but in a system with a gas phase, hence under potentially inhomogeneous conditions. In other cases, the differences may be attributed to dynamic measurements made at high mitochondrial densities (33) .
The results of our experiments clearly demonstrate that there is a biphasic relationship between oxygen consumption and oxidation of cytochromes aa 3 and c in both BHImt and MHImt. This relationship was less evident in cytochrome b oxidation, but it was nonetheless biphasic. The possibility of two binding sites for cytochrome c was discussed by Cooper (6), but Cooper pointed out that "studies on the isolated (cytochrome c) oxidase may not be relevant to the enzyme in its physiological state." The same group of researchers (28) characterized fast and slow forms of bovine heart cytochrome aa 3 , and in further studies, Cooper et al. (7) showed that these forms of cytochrome aa 3 consist of two kinetically distinct conformations of the binuclear Cu B /a 3 center. Analysis of the absorbance spectra showed that cytochrome aa 3 reduced in the slow phase has a blue-shifted peak at 444 nm, relative to that reduced in the faster phase. Further analysis of the cytochrome aa 3 absorbance spectra recorded during the present study indicates that the 444-nm peak is shifted toward red at high PO 2 values in both beef and mouse isolated mitochondria, as shown in Figure 7 .
The median wavelengths of the peaks for the ranges of j ϭ 1.0 to 0.8 and j ϭ 0.3 to 0.0 were 447 and 445 nm for beef and 447 and 446 for mouse heart mitochondria, respectively. Using the Mann-Whitney U-test for nonparametric data, the difference for the beef data was significant (z ϭ Ϫ3.22; P ϭ 0.001) but the same trend for the mouse data was not (z ϭ Ϫ1.57; P ϭ 0.118). The experimental conditions described in the literature studies differ considerably from our physiological experiments on isolated mitochondria in the OXPHOS state. However, they may provide a preliminary basis for explaining the observed biphasic PO 2 -dependent cytochrome aa 3 oxidation characteristics given the observed shifts of the 444-nm peak.
Two models (Fig. 6 ) were applied to relate the biphasic cytochrome oxidation fraction vs. PO 2 function to the observed cytochrome oxidation fraction vs. O 2 consumption curves. In one, the measured O 2 fluxes were used, and in the other, those calculated from the O 2 flux vs. PO 2 fitted hyperbolic function (Fig. 5A) . The two plots were found to be very similar and fitted the measured cytochrome values well (r 2 Ն 0.98) in all cases. The "linear" region of the cytochrome oxidation fraction vs. j curves for cytochromes aa 3 and c is over the range j ϭ 0.25 to 0.75 (Fig. 6 ) with the point of inflection around j ϭ 0.5. At j ϭ 0.5, the oxidation fraction of cytochrome aa 3 is ϳ0.75 in beef and 0.65 in mouse mitochondria compared with values for cytochrome c oxidation fractions at j ϭ 0.5 of 0.55 and Fig. 7 . Wavelength of the 444-nm cytochrome aa3 difference spectrum peak (see Figs. 1, 2, and 4) as a function of PO2 for BHImt (gray ϫ) and MHImt (black ϩ). The 444-nm peak is shifted toward red at high PO2 values in both beef and mouse isolated mitochondria, possibly supporting the hypothesis of "slow" and "fast" forms of cytochrome aa3. When related to the cytochrome aa3 plateau in Fig. 6 , the shift for BHImt is significant (P ϭ 0.001) but not for MHImt (P ϭ 0.118). 0.45, respectively. The "linear" region and points of inflection were difficult to estimate for cytochrome b. The point of inflection for beef heart mitochondria was also around j ϭ 0.5 with an oxidation fraction of about 0.5, but for mouse mitochondria the point of inflection was around j ϭ 0.6 with an oxidation fraction of about 0.7. The differences between the oxidation fractions at the points of inflection may reflect the relative positions of the cytochromes in the electron transfer system.
The interesting possibility arises from these results that, if the P 50cyt values of the two phases are known, together with Ox max for each phase, then cytochrome oxidation can be estimated for a given O 2 consumption. The model is illustrated in Fig. 8B , where two representative values for P 50 (1) and P 50 (2) , and for Ox max (1) and Ox max (2) of cytochrome c were used in Equation 1 to calculate cytochrome oxidation, Ox. A similar model can be constructed for cytochrome aa 3 in which the calculated Ox vs. flux inflection lies somewhat higher than that for cytochrome c (see Figs. 6 and 9) .
The possibility that one can perform an in vivo measurement of the redox state of cytochrome aa 3 using near-infrared spectroscopy has recently been reexamined (8, 26) . These studies concluded that such measurements could be useful, but the results should be treated with caution. Nonetheless, this could open up the inverse possibility from the above model that such noninvasive in vivo measurement of cytochrome aa 3 could be used to estimate relative oxygen consumption during physiological challenges; for example, active hypoxia during exercise or environmental hypoxia, and consequently, in its possible use in the diagnosis of mitochondrial diseases. Further studies are planned to investigate the effects of temperature and mitochondrial density on the relationships between cytochrome redox states and oxygen flux.
In summary, we report for the first time, in isolated beef heart and mouse heart mitochondria, a biphasic dependence of the redox state of cytochromes in relation to PO 2 , whereas oxygen flux conformed to the well-established monophasic hyperbolic function observed using high-resolution respirometry (11) . At the onset of hypoxia, there is a steep decline in the cytochrome c oxidation state until oxygen flux is reduced by only 5% to 0.95 of J max . Under mild hypoxia, this trend continues as oxygen flux is reduced to 0.9 of J max , when mitochondrial oxygen pressure is as low as 0.25 kPa (2 mmHg, 3 M). This represents a protective mechanism to maintain electron transfer at progressive hypoxia, referred to as the "cushioning effect" by Chance (1) . In a situation of severe hypoxia, there is a crossover point between cytochrome c oxidation state and oxygen flux (Ox ϭ j ϭ 0.63; at an oxygen pressure of about 1.7 times the P 50j ) where the redox state is maintained at relatively constant levels as oxygen consumption decreases to 0.1 of maximum flux (Fig. 8) . Deep hypoxia progresses in the narrow range of mitochondrial PO 2 Ͻ0.002 kPa when the cytochrome redox state declines steeply with oxygen flux toward anoxia, and when cytochrome c oxidase remains competent to pump protons and maintain a vital role for ATP production (15, 20) . Figure 10 shows monophasic hyperbolic plots of the equation Ox ϭ Ox max·PO2/(P50cyt ϩ PO2) for the percentage oxidations of cytochromes aa3, b, and c, respectively, as functions of PO2. Oxmax is the calculated fully oxidized value of the cytochrome and P 50cyt is the PO2 at 50% oxidation of the cytochrome. The fitting of the cytochrome oxidation curves was carried out for an extended PO2 range up to 2.6 kPa (30 M), at which all cytochromes were fully oxidized. Although the regression coefficients were all high (r 2 Ͼ 0.93), it can be observed that the fitted curves for cytochromes aa 3 and c differed markedly from the measured values compared with the fitted curve for j in Fig. 5A . Figure A1B shows that the fitted curve matched the measured values of cytochrome b somewhat better than those for cytochromes aa3 and c, but not as well as in Fig. 5C . In both BHImt and MHImt, Oxmax for all three cytochromes was significantly lower than the expected value of 100% (P Ͻ 0.001). The apparent overall 
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